Fusarium oxysporum JCM11502 expresses a denitrifying (nitrate (NO 3 À )-respiring) mechanism and can thrive under oxygen (O 2 ) limitation. The fungus reduces NO 3
Although oxygen (O 2 ) respiration in mitochondria is critical for most eukaryotes, some of them produce distinct energy-producing mechanisms and thrive under O 2 -limited conditions. Absolutely anaerobic protists that lack mitochondria 1) and parasitic helminthes that respire using fumarate during part of their life cycle 2) are examples of such eukaryotes. Facultative anaerobic fungi respire with O 2 when available whereas, they respond to a limited O 2 supply by inducing dissimilatory NO 3 À reducing mechanisms 3) Fungal denitrification is universal among ascomycetes, zygomycetes, basidiomycetes, and related imperfect fungi. 4, 5) Denitrification is an anaerobic process through which microorganisms reduce NO 3 À or nitrite (NO 2 À ) to gaseous nitrogen such as nitrous oxide (N 2 O) and dinitrogen (N 2 ) (Scheme 1).
This process was originally discovered in bacteria and the associated molecular mechanisms have been characterized in detail. 6) Bacteria denitrify NO 3 À through four successive steps to produce NO 2 À , nitric oxide (NO), and N 2 O as intermediates, and finally evolve N 2 . The specific enzymes, NO 3 À reductase (Nar), NO 2 À reductase (Nir), NO reductase (Nor), and N 2 O reductase (Nos) respectively, catalyze each step that is coupled with oxidative phosphorylation and in which the electron transport chain supplies electron equivalents. Hence, bacterial denitrification is considered to function physiologically as a dissimilatory mechanism (NO 3 À respiration) through which organisms can produce ATP and thrive in an anoxic environment. [6] [7] [8] In contrast to bacterial denitrifiers, most denitrifying fungi lack the processes to reduce NO 3 À to NO 2 À and N 2 O to N 2 , and as a result, they reduce NO 2 À to N 2 O via NO. 4, 5) Fungal denitrification mechanisms have been best characterized in Fusarium oxysporum and in Cylindrocarpon tonkinensese. 9) Both fungi reduce NO 2 À through the activity of Nir, which contains a copper (Cu) ion in its catalytic center. 10, 11) Biochemical studies have revealed that respiratory cytochrome c donates electrons to Nir to reduce NO 2 À to NO, indicating that the mechanism functions as respiration. This is similar to the bacterial mechanism with respect to the contribution of Cu-type Nir to NO 2 À denitrification, while other bacteria utilize cytochrome cd 1 -type Nir. 6) Besides the similarity of the NO 2 À -reducing reaction, these fungi use the unique enzyme cytochrome P450nor (P450nor) to reduce NO. 9, 12) The hemoprotein P450nor belongs to the cytochrome P450 (P450) superfamily 13) and catalyzes the reaction: 2NO + NAD(P)H + H þ ! N 2 O + H 2 O + NAD(P) þ , without the aid of any other
Scheme 1.
y To whom correspondence should be addressed. Tel/Fax: +81-298-53-4937; E-mail: ntakaya@sakura.cc.tsukuba.ac.jp Abbreviations: Nar, nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide reductase; P450, cytochrome P450; P450nor, cytochrome P450nor; pNP, p-nitrophenyl proteinous compound. 12) This is in sharp contrast to the Nor in bacteria, which contains cytochrome bc as a cofactor and in which reduced cytochrome c acts as a physiological electron donor. 6) This implies that NO reduction in fungal denitrification is not directly involved in respiration, but rather functions as an electron sink under O 2 -limited conditions and/or as a mechanism for detoxifying hazardous NO. 12) Others have demonstrated that denitrification in both fungi and bacteria is an anaerobic mechanism, although one key feature of this process in fungi is that a low level of O 2 is required to express the denitrifying activity.
14)
The only examples of fungal denitrifiers that reduce NO 3 À to N 2 O are F. oxysporum and C. tonkinense. Kobayashi et al. detected Nar activity that was coupled to ATP synthesis through oxidative phosphorylation in the mitochondria of F. oxysporum. 15) Watsuji et al. reported that C. tonkinense induces NADH-Nar activity under conditions of NO 3 À reduction and N 2 O formation, and suggested that the NADH-Nar activity in this fungus is associated with denitrification. 16) This reaction is distinct from the mitochondrial Nar of F. oxysporum in that it is exclusively cytosolic; nevertheless, these fungi are closely related taxonomically. Ammonia fermentation is another example of the dissimilatory use of NADH-Nar by fungi, discovered by Zhou et al. 17) This mechanism produces energy for growth through anaerobic substrate-level phosphorylation which couples the reduction of NO 3 À to ammonium (Scheme 2). A mutant strain of Aspergillus nidulans that lacks niaD encoding NADH-Nar lost the ability to ferment ammonia, 18) indicating that niaD is required for ammonium fermentation by this fungus. In addition to this, they determined that niaD functions in NO 3 À assimilation, [19] [20] [21] [22] indicating that NADH-Nar is involved in both dissimilatory (denitrification and ammonia fermentation) and assimilatory mechanisms.
The function of F. oxysporum NADH-Nar in denitrification remains obscure. Here we show that the activities of NADH-Nar and its gene promoter increased together with the denitrifying activity of F. oxysporum JCM11502. An investigation of recombinant F. oxysporum strains demonstrated that the niaD gene is critical for denitrification as well as NO 3 À assimilation by the fungus. Our results indicate that F. oxysporum reduces NO 3 À to NO 2 À in part through the activity of NADH-Nar (the niaD gene product), in addition to the proposed mechanism involving mitochondrial Nar upon denitrification.
Materials and Methods
Strains, cultures, and media. We used Fusarium oxysporum JCM11502 (formally known as F. oxysporum MT-811, Japan Collection of Microorganisms) throughout this study as a representative fungal denitrifier. F. oxysporum M10 is a Nar-deficient mutant derived from F. oxysporum JCM11502.
23) The strains and transformants were maintained on potato dextrose (PD) (Difco, Detroit, MI) or glycerol-peptone (GP) medium (3% glycerol, 0.2% polypeptone, and inorganic salts 23) ), and denitrification was assayed as follows: The strains were cultivated in a rotary-shaker at 120 rpm at 30 C for 72 h in 100 ml of GP medium. A portion (10 ml) of the pre-culture was washed with 0.9% NaCl, transferred to 100 ml of GP medium in 500 ml Erlenmeyer flasks that were plugged with cotton, and incubated as described above (aerobic culture). O 2 -limited (denitrifying) cultures were propagated in a manner similar to the aerobic culture, except that the flasks contained 300 ml of medium and were sealed with butyl rubber stoppers. To determine the effect of nitrogen sources, 20 mM NaNO 3 was added to the GP medium. Strains T1 and THIS were incubated in GN medium (3% glycerol, 20 mM NaNO 3 , and inorganic salts 23) ) under aerobic conditions to test NO 3 À assimilation activity.
Cloning the niaD gene. A DNA fragment encoding niaD was amplified with high fidelity using KOD-plus (Takara Bio, Otsu, Japan) and primers 5 0 -aagcctcggaagtttctgagatcgagcacc-3 0 and 5 0 -tggacattgatagaatcctcaccgattcgc-3 0 . A 3.5-kbp DNA fragment was specifically amplified and inserted into the SmaI site of pUC19 to generate pNIA1. Nucleotide sequences of niaD from F. oxysporum JCM11502 and M10 were determined using primers 5 0 -aagcctcggaagtttctgagatcgagcacc-3
0 , 5 0 -cgcggagacgcatcataagatgc-3 0 , and 5 0 -cctgaagatccttcagaagaatac-3 0 , with an automated DNA sequencer (CEQ2000, Beckman Coulter, Fullerton, CA) according to the manufacturer's instructions. Nucleotide sequences will appear in the GenBank/EMBL/DDBJ nucleotide database under accession nos. AB361625, and AB361626.
Plasmid construction. The 3.5-kbp DNA fragment encoding niaD fused with six histidine codons was specifically amplified using primers 5 0 -aagcctcggaagtttctgagatcgagcacc-3 0 and 5 0 -ttatggtggtggtggtggtggaagaatacaaaatcatc-3 0 , and inserted into the SmaI site of pUC19 to generate pNIAHIS1. We constructed the plasmid pLDNA1 as follows: A DNA fragment of 0.8 kbp containing the gene promoter of niaD was amplified using primers 5 0 -ttcggtacccgattccagcct-3 0 and 5 0 -catggatccataagatatatgt-3 0 (restriction sites underlined), digested with KpnI and BamHI, and inserted into the KpnI and BamHI sites of pUC19. The resulting plasmid was digested with BamHI, digested with alkaline phosphatase, and ligated with the 3.0-kbp BamHI fragment encoding lacZ
purified from pMC1871. 24) The 3.8-kbp KpnI-SalI fragment was purified from this plasmid and inserted into the KpnI-SalI site of pLD10. 25) Fungal transformation. Protoplasts of F. oxysporum JCM11502 and strain M10 were prepared as described previously, 26) with some modifications as follows. Germinating spores were collected by centrifugation, suspended in 10 ml of 0.7 M NaCl containing 10 mg ml
À1
of Lysing enzyme (Sigma Aldrich, St. Lowis, MO) and 4 mg ml À1 Kitalase (Wako Pure Chemical Industries, Tokyo), and then gently agitated at 30 C for 2 h. Protoplasts were sedimented from the resulting suspension by centrifugation at 750 Â g for 5 min. After two washes with STC (1.2 M sorbitol, 10 mM Tris-HCl, pH 7.5, 10 mM CaCl 2 ), the protoplasts were suspended in 1 ml of STC and transformed using polyethylene glycol-CaCl 2 . After they were mixed with pLDBL1 26) or pLDNA1 (10 mg), the protoplasts were spread on plates containing PD medium, incubated at 30 C for 12 to 20 h, and then overlaid with 5 ml of PD medium containing 50 mg ml À1 hygromycin B. Transformants with pNIA1 and pNIAHIS were selected on plates containing GN medium. The first transformant usually appeared after the plates were incubated for 5 d at 30 C. Three cycles of single colony isolation generated homokaryons, which were designated F. oxysporum T1 and F. oxysporum THIS respectively. Total DNA from these strains was analyzed by PCR together with M13 primer M4 (Takara Bio, Ohtsu, Japan) and niaRV (5 0 -atgcggaaccacgggttgttcat-3 0 ), and with M13 primer RV (Takara Bio) and niaFW (5 0 -tatgtactggagcgtactgggca-3 0 ), to confirm DNA integration into the chromosome.
Preparation of subcellular fractions. Cells were collected by filtration, washed twice with 0.9% NaCl, suspended in buffer A (0.8 M sucrose, 100 mM potassium phosphate, pH 7.2, and 10% glycerol) containing 0.3 mM N-tosyl-L-phenylalanine, 0.3 mM phenylmethylsulfonyl fluoride, and homogenized using quartz sand, as described previously.
23) The sand was sedimented by centrifugation at 1;500 Â g for 10 min, and then the supernatant was further separated by centrifugation at 10;000 Â g for 60 min. The pellet was resuspended in buffer A and used as the particulate fraction containing mitochondria.
23) The supernatant was again separated by centrifugation at 100;000 Â g for 60 min to obtain the soluble fraction.
Intracellular distribution of NiaD. We cultured F. oxysporum THIS under denitrifying conditions, and the soluble and particulate fractions of the cell-free extract were prepared as described above. The soluble fraction (45 mg protein) was passed through a column containing nickel-nitrilotriacetic acid (NTA) agarose (bed volume, 3 ml, Qiagen, Hilden, Germany) preequilibrated with buffer B (50 mM potassium phosphateNaOH, pH 8.0, 300 mM NaCl). The column was washed with 50 ml of buffer B, containing 20 mM imidazole, and protein was eluted with buffer B containing 250 mM imidazole. All manipulations proceeded at temperatures below 4 C. The particulate fraction (100 mg protein) was suspended in 10 ml of buffer C (100 mM potassium phosphate, pH 7.2, containing 10% glycerol and 7 mM sodium deoxycholate) stirred for 3 h, and then centrifuged at 100;000 Â g for 60 min. The supernatant was desalted on a PD-10 column (GE Healthcare BioSciences, Bound Brook, NJ) equilibrated with buffer C, containing 30 mM octyl--D-glucoside, and eluted through a column containing NTA-agarose as described above, except that all buffers included 30 mM octyl--Dglucoside.
Total RNA preparation. Total RNA was extracted as follows: All steps proceeded below 4 C. Frozen cells (2 g) were mixed with 1 ml of GTC buffer (4 M guanidine isothiocyanate, 25 mM sodium citrate, pH 7.0, 0.1 M 2-mercaptoethanol, and 0.5% sodium lauryl sarcosine) and 4 g of quartz sand, and then homogenized as described. 23 ) After 10 ml of GTC buffer was added, the homogenate was mixed with 0.3 volumes of cold (À20 C) ethanol and centrifuged at 10;000 Â g for 5 min. The pellet was resuspended in the same volume of GTC buffer and centrifuged at 10;000 Â g for 5 min. The supernatant was mixed with the same volume of 4 M lithium chloride, incubated overnight at 4 C, and centrifuged at 12;000 Â g for 60 min. The pellet was dissolved in 1 ml of TE-SDS (10 mM Tris-HCl, pH 7.4, 5 mM EDTA, and 1% sodium dodecyl sulfate), and extracted 3 times with phenol/chloroform/isoamyl alcohol (25:24:1). Total RNA in the aqueous phases was precipitated with cold ethanol, dissolved with 100 ml of water, and purified with on RNeasy Mini Kit (Qiagen).
Synthesis of cDNA and RT-PCR. We synthesized cDNA from 10 mg of DNase-treated total RNA using reverse transcriptase XL (Takara Bio) with oligo(dT)20 (Toyobo, Osaka, Japan) as the primer. RT-PCR proceeded using Ex-Taq (Takara Bio) and the primers 5 0 -atcagttgaatctcctcgtctcgac-3 0 and 5 0 -caagcagatctccgatagcaa-3 0 (for niaD), and 5 0 -agttgctctcgtcattgaca-3 0 and 5 0 -ttagaagcacttacggtgaac-3 0 (for actA).
Enzyme assay. We assayed NADH-Nar in reaction mixtures containing 100 mM potassium phosphate (pH 7.2), 10% glycerol, 10 mM NaNO 3 , 2.5 mM Na 2 MoO 4 , 0.01 mM FAD, and 0.2 mM NADH. Ubiquinol-Nar activity was measured using ubiquinol 10 as the electron donor, as described previously. 23) Reduced methylviologen (MVH)-Nar (MVH-Nar) activity was assayed in reaction mixtures containing 10 mM NaNO 3 , 0.1 mM MVH, and 0.1 M sodium dithionite. The amount of NO 2 À formed in each assay was determined as described by Nicholas and Nason. 27) P450nor 12) and -galactosidase 28) activity in the soluble fractions was determined as described previously. Glucose-6-phosphate dehydrogenase, 29) and succinate dehydrogenase 30) activities were assayed as described previously. All reactions proceeded at 30 C.
Analytical methods. The amounts of NO 3 À and NO 2 À in the culture medium were measured by ion chromatography using a 761 Compact IC (Metrohm, Herisau, Switzerland) as described previously. 16) Levels of N 2 O and O 2 were determined by gas chromatography as described previously.
3)
Results
Isolation of the NADH-Nar gene Not only F. oxysporum, 19) but also other filamentous fungi [20] [21] [22] 31) express the niaD gene which encodes NADH-Nar, which assimilates NO 3 À . To examine the role of NADH-Nar in denitrification, we designed oligonucleotide primers according to the sequence of the niaD gene of F. oxysporum FOM24 19) and cloned the putative niaD gene of F. oxysporum JCM11502. We amplified and isolated a 3.5 kbp DNA fragment from the total DNA of F. oxysporum JCM11502 by PCR using these primers. An open reading frame in the fragment with one predicted intron encoded a protein comprising 905 amino acid residues. A database search revealed that the amino acid sequence was similar to that of the niaD genes of F. oxysporum FOM24, 19) Gibberella fujikuroi, 22) A. oryzae, 21) and A. nidulans, 20) with 94.3%, 93.6%, 56.4%, and 54.7% similarity respectively. The predicted protein contains three regions conserved among the fungal NADH-Nar associated with a molybdopterin, heme irons of cytochrome b 5 , and flavin adenine dinucleotide, indicating that the isolated DNA fragment encodes an ortholog of the niaD gene from F. oxysporum JCM11502.
Uchimura et al. isolated mutant strains derived from F. oxysporum JCM11502 that did not assimilate NO 3 À and showed that the strain M10 produced little NADPHNar activity. 23) We sequenced the putative niaD gene of M10 and found one nucleotide substitution relative to the wild-type putative niaD gene. This mutation resulted in an amino-acid change at Gln504Arg between the molybdopterin-and heme-associating domains. This is consistent with the previous finding that strain M10 produced significant methylviologen (MVH)-Nar activity, which requires an intact molybdopterin domain constituting the catalytic center.
23) The strain produces little NADPH-Nar activity, 23) indicating that the mutation affects electron transfer from NADPH to molybdopterin. We introduced pNIA1, a plasmid containing the F. oxysporum JCM11502 putative niaD, into strain M10, and obtained several transformants that proliferated on minimal medium containing NaNO 3 as the sole source of nitrogen (GN medium). Among these, we further analyzed strain T1. Southern blot analysis and PCRconfirmed that a single copy of putative niaD was introduced into strain T1 (data not shown). When cultured in GN medium under aerobic conditions, the NADH-Nar activity of strain T1 was as high as that of the wild type strain (Fig. 1A) . These results indicate that putative niaD confers the ability to assimilate NO 3 À upon F. oxysporum, and that it encoded fungal NADHNar.
Next we introduced the niaD gene fused in-frame with six histidine codons into strain M10 to generate strain THIS, and investigated the intracellular localization of the niaD product (NiaD). Strain THIS proliferated in the GN medium as well as strain T (data not shown), indicating that the histidine-tagged NiaD functioned as well as native NiaD did. Over 90% A, NADH-Nar activity in cell-free extracts of F. oxysporum JCM11502 (WT), M10 (M10), and T1 (T1) cultured in GN medium under aerobic conditions. B, Soluble and solubilized mitochondrial fractions of F. oxysporum THIS were passed through columns containing nickel-NTA-agarose, as described in ''Materials and Methods.'' NADH-Nar (closed bars) and MVH-Nar (open bars) were assayed in the resulting eluates. Glucose-6-phosphate dehydrogenase (G6PDH, shaded bars), and succinate dehydrogenase (SDH, striped bars) in soluble and mitochondrial fractions served as controls.
of the histidine-tagged NADH-Nar activity (17 mmol min À1 g À1 wet cell) was recovered in the soluble cytosolic fraction, and only background activity (1.8 mmol min À1 g À1 wet cell) was localized in the mitochondrial fractions (Fig. 1B) , while < 0:1 mmol min À1 g À1 wet cells of activity was detected in fractions from the control wild type and strain T1, indicating that NiaD is a cytosolic protein.
Expression of niaD under denitrifying conditions
We investigated niaD transcription in denitrifying and non-denitrifying F. oxysporum cells. Reverse transcription-PCR (RT-PCR) analysis of total RNA resulted in specific bands when the fungus was cultured in the presence of NO 3 À (Fig. 2A) . Specific bands were undetectable in cells cultured without NO 3 À . These results confirm that niaD expression is dependent on NO 3 À , as reported previously.
31) The bands were notably more intense in the denitrifying than in the aerobically-grown non-denitrifying cells. Since this study used O 2 -limited conditions in which F. oxysporum efficiently denitrifies in flasks, 14) our results indicate that niaD expression is regulated by environmental O 2 . We confirmed this regulation of the niaD gene through promoter-reporter analysis using the gene promoter of niaD (PniaD) and the Escherichia coli lacZ gene, which encodesgalactosidase (-gal). When the fungal transformant harboring pLDNA1 (including the PniaD-lacZ fusion and an autonomously-replicating sequence for F. oxysporum) was cultured in the absence of NO 3 À , littlegal activity was detected in the cell extracts (Fig. 2B) . In contrast, the fungus cultured in the medium containing NO 3 À produced intracellular -gal activity. The fungus produced more than double the -gal activity under O 2 -limited conditions than under aerobic conditions within 2 d of culture (Fig. 2B) . Further incubation resulted in more -gal activity under O 2 -limited conditions (Fig. 2B) . These results are consistent with those of the RT-PCR analysis, and indicated that niaD expression is upregulated by O 2 limitation.
We measured the enzyme activities associated with NO 3 À metabolism in mycelia prepared from O 2 -limited cultures. The level of P450nor was 4-fold higher in the fungus cultured with than without NO 3 À under O 2 limited conditions. More ubiquinol-Nar activity was similarly produced in the presence of NO 3 À . These enzyme activities were decreased or below detection limits under aerobic conditions (Table 1) . These findings are consistent with the high denitrifying activity of the fungus cultured with NO 3 À (Table 1) , and confirm that the denitrification activity of F. oxysporum enhances the production of these denitrifying enzymes.
32) The production of P450nor under denitrifying conditions was confirmed by measuring the expression of a reporter gene under the control of the P450nor gene promoter (Fig. 2C) . As reported previously, 26) the time-dependent expression of -gal activity reflected the inducible nature of P450nor expression by NO 3 À . These results indicate that O 2 -limitation supports fungal denitrification by inducing niaD in accordance with production of P450nor and ubiquinol-Nar.
The niaD gene functions in denitrification
We cultured JCM11502 with NO 3 À under O 2 -limited conditions to determine the contribution of the niaD gene to denitrification. The cultures rapidly consumed oxygen (O 2 ) during the first 2 d (Fig. 3A) , as described previously.
3) Rapid NO 3 À consumption and NO 2 À accumulation, which proceeded after O 2 consumption, was followed by N 2 O production, indicating that NO 2 À reduction limits N 2 O production. Strain M10 produced only 20% of the N 2 O produced by the wild-type strain cultured for 4 d (Fig. 3B) . Since M10 lost NADH-Nar activity (Fig. 4) , the resting activity of denitrification is probably dependent upon the ubiquinol-Nar detected in the cell extracts (Table 1 and Ref. 32 ). The mutant did not accumulate NO 2 À during culture, indicating that the rate-limiting step for N 2 O production turned to the reduction of NO 3 À to NO 2 À in M10. These results showed that the mutation impaired NO 3 À reduction. Meanwhile, strain T1 produced as much NADH-Nar activity in the cells under denitrifying conditions as the wild-type strain did (Fig. 4A) , and generated 56% of the N 2 O produced by the wild-type strain, indicating that niaD restores the defect of the denitrifying activity of M10 (Fig. 4B) . Here, we cultured F. oxysporum JCM11502 in medium containing peptone to induce denitrification activity, and found that some of the cells lost the introduced niaD gene, since peptone lowered the selective pressure required to maintain the plasmid. We passed the denitrifying culture of strain T1 through a glass filter (No. G3, Pyrex, NY) to collect spores and examined the growth of up to 150 of them on medium with NO 3 À as the sole nitrogen source (GN medium). The results showed that 53% of the spores grew when NO 3 À was the nitrogen source, indicating that half the cells maintained the introduced niaD in strain T1 after culture under denitrifying conditions. This rate was similar to the recovery of N 2 O production relative to the wild-type strain (Fig. 4B) . These findings imply that the introduced niaD was fully functional in restoring the deficiency. Strains M10 and T1 generated 0.03-to 0.2 nmol min À1 mg À1 of ubiquinol-Nar activities and did not significantly differ from those of JCM11502. The activities of P450nor were similar among the strains (Fig. 4A) . Thus our results indicate that NADH-Nar in addition to ubiquinol-Nar, contributes to NO 3 À denitrification by F. oxysporum.
Discussion
Here we provide genetic evidence supporting the thesis that the niaD gene is obligatory for maximal denitrification activity by F. oxysporum. Transcription of niaD was induced in F. oxysporum cells concomitantly with that of the critical gene for denitrification (P450nor) and of denitrifying activity (Table 1) , which is consistent with role of NADH-Nar in fungal denitrification. Enhancement of niaD expression by O 2 -limition supports the thesis that niaD participates in a hypoxic metabolic mechanism. These results indicate that NADH-Nar is produced to denitrify NO 3 À . Reports indicate that F. oxysporum and other fungi 17) ferment ammonium with NO 3 À through NADH-Nar. We also found that niaD is essential for A. nidulans to ferment ammonium. 18) These mechanisms utilize NADH-Nar to sequester redox equivalents and to reoxidize NADH, which allows the fungus to survive under O 2 -limited conditions. 17, 18) Notably, denitrification and ammonia fermentation mechanisms share the enzyme that reduces NO 3 À to NO 2 À (NADH-Nar) although subsequent NO 2 À reduction differs, and finally NH 4 þ (via ammonia fermentation) and N 2 O (via denitrification) are produced. Cylindrocarpon tonkinense also uses NADH-Nar in a dissimilatory fashion for denitrification, although the gene involved in this mechanism remains unidentified. 16) In addition to these novel mechanisms, NADH-Nar is widely accepted as essential for fungal NO 3 À assimilation. [19] [20] [21] [22] 31) Our findings together with these observations indicate that the NO 3 À reducing reaction by NADH-Nar is of physiological significance not only as an assimilation but also as a dissimilation mechanism.
The present study identified a novel function of NADH-Nar in denitrification by F. oxysporum, in which the niaD mutant produced smaller, but nevertheless significant amounts of denitrified product (N 2 O), indicating that F. oxysporum produces another type of Nar upon denitrification. The observed ubiquinol-Nar activity (Table 1 ) should correspond to Nar activity. 23) Uchimura et al. demonstrated that the ubiquinol-Nar of F. oxysporum is localized in the mitochondria, where it couples with oxidative phosphorylation, and, that the reaction functions physiologically as NO 3 À respiration. We cultured the fungus under the conditions described by Uchimura et al. and also detected ubiquinol-Nar activity, which would allow respiratory NO 3 À reduction. Besides the respiratory role of ubiquinol-Nar, NADHNar is thought to be significant in dumping excess electron equivalents, as noted above. This reaction is likely to couple with carbon oxidation and substratelevel phosphorylation in the cytosol. These results imply that F. oxysporum acquires energy for growth via both ubiquinol-and NADH-Nar under O 2 -limited conditions. The involvement of both Nar species is a unique feature of the denitrifying mechanism of F. oxysporum, since only NADH-Nar participates in the mechanism of C. tonkinense, another example of fungal NO 3 À denitrifiers.
16) It is notable that participation of NADH-Nar is a common feature of these phylogenetically related fungi.
The nitrogen assimilatory mechanisms of fungi are considered to be under the control of nitrogen metabolite repression.
31) The assimilation of NO 3 À and NO 2 À is one example of this mechanism. During typical fungal transcription, the genes for NO 3 À assimilation, including niaD, are induced by NO 3 À and repressed by ammonium, glutamine, and other amino acids. 31, 33, 34) This is also true of F. oxysporum. 35) These mechanisms had been examined in cells grown under aerobic conditions, whereas we challenged the fungus with O 2 limitation, which revealed transcriptional regulation of niaD by O 2 . This finding is of significance because it reveals another example of niaD regulation. The P450nor gene is similarly regulated, and its expression is maximal when the fungus is cultured under O 2 -limited conditions in the presence of NO 3 À . 26) We also observed similar hypoxic regulation in the anaerobic ammonia fermentation mechanism of A. nidulans, in which niaD gene expression is partly derepressed even in the presence of ammonium. 36) The detailed mechanisms of transcrip- tional control in these fungi are currently under investigation in our laboratory. These mechanisms should benefit the fungi, allowing them to survive under anaerobiosis by generating NADH-Nar, which can participate in mechanisms that produce energy anaerobically.
